Energetics and specificity of interactions between the Escherichia coli PriA helicase and the gapped DNAs have been studied, using the quantitative fluorescence titration and analytical ultracentrifugation methods. The gap complex has a surprisingly low minimum total site size, corresponding to ϳ7 nucleotides of the single-stranded DNA (ssDNA), as compared with the site size of ϳ20 nucleotides of the enzyme-ssDNA complex. The dramatic difference in stoichiometries indicates that the enzyme predominantly engages the strong DNA-binding subsite in interactions with the gap and assumes a very different orientation in the gap complex, as compared with the complex with the ssDNA. The helicase binds the ssDNA gaps with 4 -5 nucleotides with the highest affinity, which is ϳ3 and ϳ2 orders of magnitude larger than the affinities for the ssDNA and double-stranded DNA, respectively. In the gap complex, the protein does not engage in cooperative interactions with the enzyme predominantly associated with the surrounding dsDNA. Binding of nucleoside triphosphate to the strong and weak nucleotide-binding sites of the helicase eliminates the selectivity of the enzyme for the size of the gap, whereas saturation of both sites with ADP leads to amplified affinity for the ssDNA gap containing 5 nucleotides and engagement of an additional protein area in interactions with the nucleic acid.
The Escherichia coli primosome is a multiprotein complex that catalyzes the priming of the DNA during the replication process (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Two helicases in the E. coli cell, DnaB and PriA proteins, are engaged in the functioning of the primosome, by translocating the multiprotein complex along DNA during the synthesis of short oligoribonucleotide primers, which are then used to initiate synthesis of the complementary strand (4 -6) . The PriA helicase plays a fundamental role in the initiation of the ordered assembly of the primosome (4 -7, 12, 14, 15) . The protein is involved in recombination and repair processes in the E. coli cell as a major factor that initiates the restart of the stalled replication fork at the damaged DNA sites. This happens, presumably, through the recognition of the DNA structure of the site, although the nature of this recognition reaction is unknown (10 -15) . The native PriA protein is a monomer with a molecular mass of 81.7 kDa (16 -22) .
Activities of the PriA helicase in vivo are related to the ability of the enzyme to interact with both the ssDNA 2 and the dsDNA. This includes the unwinding reaction of the dsDNA, fueled by the hydrolysis of NTPs and the assembly of the primosome, which must be initiated by the recognition of the ssDNA gap of the damaged DNA by the enzyme (5, 6, 8, 9, (15) (16) (17) . Quantitative thermodynamic analyses showed that, in the complex with the ssDNA, the total DNA-binding site of the PriA helicase occludes ϳ20 nucleotides of the nucleic acid (20 -22) . Thus, the enzyme has a total site size of 20 Ϯ 3 nucleotides. However, within the total DNA-binding site, the PriA helicase possesses a strong ssDNA-binding subsite, an area that has a high ssDNA affinity and engages in interactions only ϳ5-8 nucleotides of the nucleic acid. The intrinsic affinity of the enzyme for the ssDNA is predominantly generated at the strong ssDNA-binding subsite, which is located in the central part of the enzyme molecule, on a structurally separated domain (20 -22) . The functional organization of the PriA helicase-ssDNA complex is schematically depicted in Fig. 1a .
During the dsDNA unwinding reaction, the PriA helicase performs a complex free energy transduction process, where the binding and/or hydrolysis of NTPs regulate the enzyme activity, including the affinity toward different conformations of the DNA (8, 9, 16, 17) . However, unlike most of the helicases, the PriA protein has a significant affinity for the ssDNA in the absence of the nucleotide cofactor (20 -24) . Moreover, what makes the PriA protein different from other well studied helicases is that the enzyme possesses two nucleotide-binding sites, a strong and a weak binding site, which profoundly differ in their affinities for the cofactors and their effects on the intrinsic affinity of the protein for the ssDNA (25) (26) (27) . Furthermore, cooperative interactions between the two nucleotide-binding sites indicate an intricate communication between the sites (25) . Saturation of both nucleotide-binding sites with ADP induces the engagement of an additional area of the protein, possibly the N terminus domain, in interactions with the ssDNA (27) .
Although PriA helicase interactions with the ssDNA have been intensively studied, quantitative analysis of the enzyme interactions with the gapped DNA structure has never been addressed (20 -22, 27) . Nothing is known about the stoichiometries, intrinsic energetics, and cooperativity of the enzyme binding to the gapped DNAs. This is surprising in light of the fact that the PriA helicase must specifically recognize the ssDNA gap formed at the damaged DNA site (16, 17) . Nothing is known about the role of two nucleotide-binding sites in the recognition process or the effect of the structure of the phosphate group of the nucleotides on the ssDNA gap recognition (25) (26) (27) . Elucidation of the PriA-gapped DNA interactions and the role of nucleotide cofactors in the reaction are of fundamental importance for understanding of the enzyme mechanisms in both replication and recombination processes (6, (12) (13) (14) (15) .
In this paper, we describe quantitative studies of the ssDNA gap recognition by the PriA helicase and the effect of the nucleotide cofactors on the recognition reaction. The data indicate a surprisingly small minimum total site size of the enzyme in the gap complex, which is ϳ7 nucleotides or bp. The low stoichiometry indicates that the helicase exclusively engages the strong DNA-binding subsite in the gap complex and assumes a very different orientation, compared with the complex with the ssDNA. The PriA helicase binds the ssDNA gaps with 4 -5 nucleotides with the highest affinity without engaging in cooperative interactions with the enzyme molecules associated with the surrounding dsDNA. Binding of ADP to strong and weak nucleotide-binding sites of the enzyme profoundly affects the affinity and stoichiometry of the helicase-gapped DNA complex.
EXPERIMENTAL PROCEDURES
Reagents and Buffers-All solutions were made with distilled and deionized Ͼ18 M⍀ (Milli-Q Plus) water. All chemicals were reagent grade. Buffer C is 10 mM sodium cacodylate adjusted to pH 7.0 with HCl, 1 mM dithiothreitol, 100 mM NaCl, 5 mM MgCl 2 , and 25% glycerol (20 -22, 25-27) .
PriA Protein-The E. coli PriA protein has been purified as we described before (20 -22, 25-27) . The enzyme was Ͼ98% pure as judged by polyacrylamide electrophoresis with Coomassie Brilliant Blue staining. The concentration of the protein was spectrophotometrically determined, with an extinction coefficient E 280 ϭ 1.06 ϫ 10 5 cm Ϫ1 M Ϫ1 , obtained using an approach based on Edelhoch's method (28, 29) .
Nucleotides and Nucleic Acids-ATP␥S and ADP were from Sigma. Unmodified nucleic acid oligomers, etheno-derivatives, and fluorescein-labeled ssDNA oligomers were purchased from Midland Certified Reagents (Midland, TX). Nucleic acids were at least 95% pure as judged by electrophoresis on polyacrylamide gels. The fluorescein-modified ssDNA oligomer, 5Ј-Fl-CG-CACGTCAGAAAAAGCAGGCTCGT, contains the fluorescein (Fl) moiety attached to the 5Ј through phosphoramidate chemistry. The gapped DNA substrates were obtained by mixing the labeled ssDNA oligomers of the general primary structure, CGCACGTCAG(⑀A) n GCAGGCTCGT (Fig. 1b) , with complementary unmodified oligomers at given concentrations, warming the mixture for 5 min at 95°C, and slowly cooling for a period of ϳ3-4 h (30 -35). The integrities of the gapped DNA substrates have been checked by UV melting and analytical ultracentrifugation techniques (30 -35) . The melting temperature of the examined dsDNA oligomers is ϳ54°C or higher in the studied solution conditions (30 -35) . Concentrations of all modified ssDNA oligomers have been spectrophotometrically determined as described previously by us (20 -22, 27, 36 -38) .
Fluorescence Measurements-All steady-state fluorescence titrations were performed using the Fluorolog F-11 spectrofluorometer (Jobin Yvon), as described previously by us (20 -22, 25-27, 36 -38) . The PriA protein binding was followed by monitoring the etheno-derivative fluorescence of the nucleic acids ( ex ϭ 325 nm, em ϭ 410 nm). Computer fits were performed using Mathematica (Wolfram) and KaleidaGraph (Synergy Software). The relative fluorescence increase, ⌬F obs , of the DNA emission upon protein binding, is defined as ⌬F obs ϭ (F i Ϫ F o )/F o , where F i is the fluorescence of the sample at a given titration point i, and F o is the initial fluorescence of the same solution (20 -22, 25-27, 39 -43) .
Quantitative Analysis of the Fluorescence Titration Curves of the PriA-Gapped DNA Associations-Binding of the PriA helicase to the gapped DNAs has been monitored by the fluorescence increase, ⌬F obs , of the etheno-derivatives of the nucleic acid. Quantitative estimates of the total average degree of binding, ⌺⍜ i (average number of bound PriA molecules per gapped DNA) and the free protein concentration, P F , independent of any assumption about the relationship between the observed spectroscopic signal, ⌬F obs , and ⌺⍜ i was accomplished using an approach described previously by us (20 -22, 25, 39 -45) . Briefly, each different possible i complex of the PriA protein with the gapped DNA contributes to the experimentally observed relative fluorescence increase, ⌬F obs . Thus, ⌬F obs is functionally related to ⌺⍜ i by Equation 1 (20 -22, 25, 39 -45) ,
where ⌬F i represents the maximum relative fluorescence increase of the gapped DNA with the PriA bound in complex i. The same value of ⌬F obs , obtained at two different total DNA substrate concentrations, M T1 and M T2 , indicates the same physical state of the nucleic acid (i.e. the total average degree of binding, ⌺⍜ i , and the free helicase concentration, P F , must be the same). The values of ⌺⍜ i and P F are then related to the known total protein concentrations, P T1 and P T2 , and the known, corresponding total nucleic acid concentrations, M T1 and M T2 , at the same value of ⌬F obs , by Equations 2 and 3,
where x ϭ 1 or 2 (20 -22, 25, 39 -45) .
Analytical Ultracentrifugation Measurements-Analytical ultracentrifugation experiments were performed with an Optima XL-A analytical ultracentrifuge (Beckman), as previously described by us (46 -50) . Sedimentation equilibrium scans were collected at the absorption band of the fluorescein of the labeled gapped DNA substrate (495 nm) at a large excess of the protein to assure the complete saturation of the nucleic acid. The sedimentation was considered to be at equilibrium when consecutive scans, separated by time intervals of 8 h, did not indicate any changes. For the n-component system, the total concentration at radial position r, c r , is defined by Ref. 51 ,
where c bi , i , and M i are the concentration at the bottom of the cell, partial specific volume, and molecular weight of the i component, respectively; r is the density of the solution; w is the angular velocity; and b is the base-line error term. Equilibrium sedimentation profiles were fitted to Equation 4 with M i and b as fitting parameters (46 -50) .
RESULTS
Binding of the PriA Helicase to the Gapped DNA Substrates; Maximum Stoichiometries of the Formed Complexes-To determine the effect of the structure of the DNA substrate on the energetics of the ssDNA gap recognition by the PriA helicase, interactions of the enzyme with the DNA substrates containing the ssDNA gap have been examined using DNA substrates, whose general structure is depicted in Fig. 1b . All DNA substrates contain two dsDNA parts, each having 10 bp. The primary structure of the dsDNA parts is identical in all gapped DNAs. The dsDNA parts are separated by the ssDNA gap having 1, 2, 3, 4, 5, 6, 8, and 10 nucleotides. Because binding of the PriA protein to the fluorescent etheno-derivative of homoadenosine oligomers is accompanied by the very strong increase of the nucleic acid fluorescence, the bases in the ssDNA gap are all ethenoadenosines, which provide the fluorescence signal to monitor the complex binding process (see below) (20 -22, 27) .
Fluorescence titrations of the gapped DNA substrate, having the ssDNA gap of 4 nucleotides with the PriA helicase at three different nucleic acid concentrations, in buffer C (pH 7.0, 10°C), are shown in Fig. 2a . The shift of the titration curve at higher nucleic acid concentrations results from the fact that more protein is required to induce the same fluorescence change of the DNA (20 -22, 25, 39 -45) . The relative fluorescence increase reaches the value of 1.8 Ϯ 0.1 at saturation. To quantitatively obtain the total average degree of binding, ⌺⍜ i , independent of any assumption about the relationship between the observed signal and the degree of binding, the titration curves in Fig. 2a have been analyzed, using the approach outlined under "Experimental Procedures" (20 -22, 25, 39 -45) . Fig. 2b shows the dependence of the observed relative fluorescence increase as a function of ⌺⍜ i . The plot clearly shows nonlinear behavior, indicating the presence of at least two binding phases. Separation of the titration curves allowed us to determine ⌺⍜ i up to ϳ2.6. In the high affinity phase, the total average degree of binding reaches a value of 1 Ϯ 0.2; thus, a single molecule of the helicase binds in this phase. Extrapolation of the low affinity phase to the maximum fluorescence increase, ⌬F max ϭ 1.8 Ϯ 0.1, provides ⌺⍜ i ϭ 3.0 Ϯ 0.2. Thus, at saturation, three PriA molecules bind to the examined gapped DNA substrate.
The maximum stoichiometry of the PriA-gapped DNA substrate does not change for the nucleic acid containing the ssDNA gap with 10 nucleotides. Fluorescence titrations of the gapped DNA with the ssDNA of 10 nucleotides with the PriA protein at three different nucleic acid concentrations, in buffer C (pH 7.0, 10°C), are shown in Fig. 2c . Separation of the titration curves allowed us to determine the total average degree of binding, ⌺⍜ i , up to ϳ2.3. The dependence of the relative fluorescence increase of the nucleic acid as a function of ⌺⍜ i is shown in Fig. 2d . The plot is also nonlinear, indicating the presence of two binding phases. Extrapolation of the weak affinity phase to the maximum fluorescence increase, ⌬F max ϭ 1.7 Ϯ 0.1, provides ⌺⍜ i ϭ 2.8 Ϯ 0.2. Thus, the gapped DNA substrate with the ssDNA gap of 10 nucleotides can also accommodate only three PriA molecules (see "Discussion").
Maximum Stoichiometry of the PriA Helicase-Gapped DNA Complex; Analytical Sedimentation Equilibrium Studies-The surprisingly large number of the PriA molecules binding to the gapped DNA substrates has been further addressed, using the independent sedimentation equilibrium technique (46 - (20 -22, 27) . The strong DNA-binding subsite of the enzyme occludes only 5-8 nucleotides and is located in the center of the enzyme molecule on a protruding domain. However, the enzyme occludes the total site size of ϳ20 nucleotides. The yellow ovals symbolize the strong and weak nucleotide-binding sites of the helicase, and the area on the right symbolizes the DNA-binding subsite on the N terminus of the protein, which is closed in the state without ADP bound (27) . b, gapped DNA substrates that are used to examine interactions of the PriA helicase with gapped DNAs. The DNA substrates have two dsDNA parts, which are identical in all substrates. The dsDNA parts are separated by the ssDNA of the gap containing 1-10 nucleotides, which are fluorescent, ethenoadenosine residues (eA).
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. In these studies, we utilize the gapped DNA substrate, which contains fluorescein at its 5Ј-end, analogous to the DNA substrate used in the binding studies (see "Experimental Procedures"). Thus, the sedimentation equilibrium profile of the nucleic acid can be exclusively monitored at the fluorescein absorption band, without any interference of the protein absorbance. The experiments have been performed at a large excess of the PriA protein to assure complete saturation of the nucleic acid over the entire equilibrium profile. Because the molecular weights of the gapped DNA substrate with 5 nucleotides in the ssDNA gap is ϳ15 kDa, the formation of the complex between the gapped DNA substrate and the PriA protein (ϳ81.7 kDa) will result in a large increase of the apparent molecular weight of the nucleic acid.
Sedimentation equilibrium profiles of the gapped DNA substrate, in the presence of the PriA protein and recorded at the fluorescein absorption band (495 nm), is shown in Fig. 3 (Fig.  1b ) have complex structures with three structural regions, which may serve as three specific binding sites (i.e. the ssDNA gap with the ssDNA/ dsDNA junctions and two dsDNA parts on both sides of the gap). The binding of a single PriA molecule in the high affinity phase, for the gapped DNA substrate with 4 nucleotides in the gap, must correspond to the formation of a complex that includes the ssDNA gap. The low affinity phase must then correspond to the association of the remaining two PriA molecules with two dsDNA parts of the substrate. This is the simplest model of the observed binding process, where the association of the helicase with the gapped DNA is treated as ligand binding to two classes of binding sites, one class containing a single site and the other containing two equivalent sites. The model must include possible cooperative interactions between the helicase associated with the ssDNA gap and the enzyme molecules predominantly bound to the dsDNA parts. The partition function, Z G , of the system is then defined as follows,
where K G and K DS are the equilibrium binding constants characterizing the association with the ssDNA gap and the dsDNA parts of the DNA substrate, respectively, and is the cooperative interaction parameter. Nevertheless, it should be stressed (Table 1 ) (for details, see "Experimental Procedures").
that K DS is an apparent quantity, determined in the context of the gapped DNA structure, which does not necessarily correspond to the association of the enzyme exclusively with the dsDNA (see below). The total average degree of binding, ⌺⍜ i , is then as follows,
The observed relative fluorescence increase, ⌬F obs , is described by Equation 7 ,
There are six independent parameters, K G , K DS , , ⌬F 1 , ⌬F 2 , and ⌬F 3 , in Equations 5-7. This is a formidable number of parameters, which precludes their determination in a single fitting procedure. We applied the following strategy to extract them. The value of ⌬F G can be determined as the slope, Ϫ1 and K G ϭ (2.5 Ϯ 0.6) ϫ 10 6 M Ϫ1 for the considered gapped DNA substrates. Thus, there are three remaining parameters that have to be determined, K DS , , and ⌬F 2 . The solid lines in Fig. 2 , a and c, are nonlinear least squares fits of the experimental titration curves using Equations 5-7, with
, and ⌬F 2 ϭ 1.7 Ϯ 0.1, for the gapped substrates with 4 and 10 nucleotides in the gap, respectively. The theoretical curves provide an excellent description of the experimental titration curves.
Intrinsic Affinity of the PriA Helicase for the ssDNA Gap as a Function of the Gap Size-Analogous thermodynamic analyses, as described above, have been performed for the entire series of the gapped DNA substrates differing in the size of the ssDNA gap. The obtained binding and spectroscopic parameters are included in Table 1 . All examined gapped DNA substrates bind three PriA molecules, including the DNA substrate with a single nucleotide in the gap. Formation of the gap complex induces only a moderate change of the ethenoadenosines in the gap (see "Discussion"). Binding of the next enzyme molecule to the dsDNA part of the substrates induces the major fluorescence increase of the nucleic acids, indicating significant rearrangement of the structure of the complex affecting the ssDNA gap. Nevertheless, the value of Ϸ 1 is independent of the size of the ssDNA gap, indicating the absence of cooperative interactions between the PriA molecule bound in the gap complex and the enzyme molecules associated with the dsDNA part of the gapped DNA substrates. The lack of cooperative interactions between the PriA helicase bound in the gap complex and the enzyme molecules associated with the surrounding dsDNA strongly suggests that a single PriA molecule participates in the ssDNA gap recognition. Association of the final third PriA molecule does not cause any change of the nucleic acid fluorescence resulting in ⌬F 2 ϭ ⌬F 3 and indicates an unaffected structure of the ssDNA gap, as compared with the complex with the two PriA molecules bound ( Table 1) .
The dependence of the logarithm of the binding constant K G as well as the binding constant K DS is shown in Fig. 4 . For the gapped DNA substrate with 1 nucleotide in the ssDNA gap, the 
value of K G is virtually the same as the value of K DS . However, the value of K G steadily and strongly increases with the size of the gap up to 5 nucleotides, where it is ϳ2 orders of magnitude higher than K DS . Thus, in the absence of the nucleotide cofactors, the PriA helicase specifically recognizes the ssDNA gaps of 4 -5 nucleotides (see "Discussion"). With the size of the gap 6 nucleotides, K G sharply decreases, and for the gap with 10 nucleotides, it reaches a value similar to the value of the K DS (Fig. 4) . The values of K DS are not affected by the size of the ssDNA gap and are, within experimental accuracy, the same for all examined gapped DNA substrates (see "Discussion"). It should be pointed out that the value of K DS is lower by a factor of ϳ5 than the affinity determined for the exclusive binding of the PriA helicase to the dsDNA in the same solution conditions (data not shown). Although such a difference does not affect the high selectivity of the PriA helicase for the ssDNA gaps with 4 and 5 nucleotides in the gap (Fig. 4) , it reinforces the notion that the determined K DS does not strictly reflect the dsDNA binding. Rather, it characterizes the affinity in the context of the gapped DNA structure and the effect of the enzyme associated in the gap complex on the structure of the nucleic acid surrounding the ssDNA gap.
Interactions of the PriA Helicase with the Gapped DNA Substrates in the Presence of Nucleotide Cofactors-As mentioned above, the PriA helicase possesses two strong and weak nucleotide-binding sites, which dramatically affect the enzyme interactions with the ssDNA (25) (26) (27) . In the next set of experiments, we address the effect of ADP and the ATP nonhydrolyzable analog, ATP␥S, on the recognition of the ssDNA gap by the PriA helicase. Fluorescence titrations of the gapped DNA substrate, which has the ssDNA gap of 5 nucleotides, with the PriA helicase at two different nucleic acid concentrations, in buffer C (pH 7.0, 10°C), containing 1 ϫ 10 Ϫ5 M ADP, are shown in Fig. 5a . At this ADP concentration, the cofactor saturates only the strong nucleotide-binding site of the enzyme (25) (26) (27) . The quantitative analysis of the titration curves has been analogously performed as described above for studies in the absence of the cofactors and shows that three PriA molecules associate with the gapped DNA. The solid lines in Fig. 5a are nonlinear least squares fits of the experimental titration curves using Equations 5-7. The presence of ADP in the strong nucleotide-binding site does not affect the maximum stoichiometry of the complex and has little effect on the relative fluorescence increases with ⌬F 1 Ϸ 0.33 and ⌬F 2 ϭ ⌬F 3 Ϸ 1.67, indicating a structure of the gap complex similar to the structure of the corre- sponding complex formed in the absence of the cofactor (Fig.  5a and Table 1 ). On the other hand, the values of both K G Ϸ 2 ϫ The situation is very different for the considered gapped DNA substrate in the presence of the high ADP concentration, where both nucleotide-binding sites are saturated with the cofactor (25) (26) (27) . Fluorescence titrations of the gapped DNA substrate, which has the ssDNA gap of 5 nucleotides, with the PriA helicase at two different nucleic acid concentrations, in buffer C (pH 7.0, 10°C), containing 3 ϫ 10 Ϫ3 M ADP, are shown in Fig. 5b . It is evident that the presence of ADP in both nucleotide-binding sites dramatically affects the enzyme interactions with the gapped DNA. The analysis of the titration curves (see above) shows that maximum stoichiometry is not changed and that three PriA molecules associate with the gapped DNA. The solid lines in Fig. 5b are nonlinear least squares fits of the experimental titration curves using Equations 5-7. The presence of ADP in both nucleotide-binding sites strongly affects the relative fluorescence increases, with ⌬F 1 Ϸ 0.8 and ⌬F 2 ϭ ⌬F 3 Ϸ 2.85, indicating a significantly changed structure of the complex as compared with the structure of the complex formed in the absence of the cofactor or in the presence of low [ADP] (see "Discussion"). Moreover, the value of K G is strongly increased to ϳ5 ϫ Ϫ1 . Thus, in the presence ATP␥S, at a concentration saturating both nucleotide-binding sites, the PriA helicase has the lowest affinity in the gap complex and the dsDNA parts of the nucleic acid of all examined states of the enzyme with or without the cofactors. As observed for the ADP, ATP␥S does not affect the cooperativity of the binding process (see "Discussion").
Corresponding studies of the PriA helicase association with the gapped DNA substrates in the presence of ADP and ATP␥S have been performed for the DNA substrates differing in the size of the ssDNA gaps (data not shown). The dependence of the logarithm of K G and K DS upon the length of the ssDNA gap in the presence of the low ADP concentration (1 ϫ 10 Ϫ5 M) is shown in Fig. 6a . With ADP saturating only the strong nucleotide-binding site of the helicase, the enzyme binds with a significant affinity to the gap over the dsDNA, although the affinity is independent of the length of the ssDNA gap. The dependence of the logarithm of K G and K DS upon the length of the ssDNA gap, in the presence of the high ADP concentration (3 ϫ 10 Ϫ3 M), is shown in Fig. 6b . In the state with two nucleotide-binding sites saturated with ADP, the enzyme shows significant preference for the ssDNA gap with 5 nucleotides in the gap over the gaps with a different number of nucleotides. The preference of the gap complex over the dsDNA is diminished for the gapped DNAs with 3, 4, and 6 nucleotides but increases for the longer gaps, with 8 and 10 nucleotides (see "Discussion").
Corresponding dependences of the logarithm of K G and K DS upon the length of the ssDNA gap in the presence of the low (1 ϫ 10 Ϫ4 M) and high (3 ϫ 10 Ϫ3 M) ATP␥S concentrations are shown in Fig. 6, c and d , respectively. Contrary to the different effects exerted by ADP in the strong or weak nucleotide-binding site (see above), exclusive saturation of the strong or both nucleotide-binding sites with ATP␥S does not distinguish any particular gapped DNA substrate. The affinity of the enzyme for the ssDNA gap with 3, 4, 5, and 6 nucleotides is diminished, whereas it is increased for the longer gaps, as compared with the state without bound nucleotide cofactors. All gap complexes are characterized by K G Ϸ 2 ϫ 10 7 M Ϫ1 . Nevertheless, the enzyme binds with preferential affinity to the ssDNA gaps, as compared with the dsDNA, independently of the length of the ssDNA gap, and the affinity difference is amplified by the lower dsDNA affinity of the helicase in the presence of the ATP analog (see "Discussion").
Salt Effect on PriA-Gapped DNA Interactions in the Absence of Nucleotide Cofactors-To obtain further insight into the PriA helicase interactions with the gapped DNA, we examined the salt effect on the enzyme binding to the gapped DNA substrate containing the ssDNA gap with 5 nucleotides. Fluorescence titrations of the gapped DNA substrate with the PriA protein in buffer C (pH 7.0, 10°C), containing different NaCl concentrations, are shown in Fig. 7a . At higher concentrations of NaCl, the titration curves shift toward higher total protein concentrations, indicating a decreasing macroscopic affinity of the helicase-gapped DNA complex. Also, the maximum relative fluorescence change accompanying the binding decreases with increasing salt concentration, indicating the changing structure of the complex. The quantitative analysis of the titration curves has been analogously performed as described above. The solid lines in Fig. 7a are nonlinear least squares fits of the experimental titration curves using Equations 5-7. The dependence of the logarithm of the binding constants, K G and K DS , upon the logarithm of [NaCl] (log-log plot), is shown in Fig. 7b (52, 53) . The plots are clearly linear in the examined salt concentration ranges. However, there are significant differences between the values of their slopes, with ∂logK G /∂log[NaCl] ϭ Ϫ6.1 Ϯ 0.7 and ∂logK DS / ∂log[NaCl] ϭ Ϫ3.8 Ϯ 0.5. Thus, the formation of the gap complex is accompanied by the net release of ϳ6 ions, whereas the binding of the dsDNA is accompanied by the net release of only ϳ4 ions. As a result, at high [NaCl], the affinity for the ssDNA gap approaches the enzyme affinity for the dsDNA.
Fluorescence titrations of the same gapped DNA substrate with the PriA helicase in buffer C (pH 7.0, 10°C), containing different MgCl 2 concentrations, are shown in Fig. 7c (Fig. 7b) . The observed large differences in the thermodynamic response of K G and K DS to the changes of NaCl or MgCl 2 concentrations, in solution, clearly indicate that the helicase forms a very different complex with the ssDNA gap, as compared with the complex formed with the dsDNA. Nevertheless, increasing [NaCl] or [MgCl 2 ] does not affect the cooperativity of the PriA association with the gapped DNA, as evident by the constant value of Ϸ 1. This is a very different behavior from the effect of the salt concentration on the enzyme binding to the ssDNA, where cooperativity strongly increases at higher [NaCl] (52, 53) (see "Discussion").
Salt Effects on PriA-Gapped DNA Interactions with Both Nucleotide-binding Sites of the Enzyme Saturated with ADP-
Fluorescence titrations of the gapped DNA substrate having 5 nucleotides in the ssDNA gap, with the PriA helicase in buffer C (pH 7.0, 10°C), containing 3 ϫ 10 Ϫ3 M ADP and different NaCl concentrations, are shown in Fig. 8a . The macroscopic affinity of the helicase-gapped DNA complex and the maximum relative fluorescence change accompanying the binding process decrease with the increase of [NaCl], as observed in the absence of the cofactor. Nevertheless, the relative fluorescence change remains dramatically higher than in the absence of ADP at all examined salt concentrations. The solid lines in Fig. 8a are nonlinear least squares fits of the experimental titration curves using Equations 5-7. The dependence of the logarithm of the binding constants, K G and K DS , upon the logarithm of [NaCl] is shown in Fig. 8b (52, 53) . The slopes of the plots are ∂logK G / ∂log[NaCl] ϭ Ϫ8.5 Ϯ 1 and ∂logK DS /∂log[NaCl] ϭ Ϫ1.8 Ϯ 0.4, respectively. Thus, the net number of ions released in the formation of the gap complex is increased to ϳ8 -9, whereas the net number of ions released decreases to ϳ2 for the enzyme binding to the dsDNA, as compared with the complex formation in the absence of the cofactor. Thus, with both nucleotidebinding sites saturated with ADP, the thermodynamic response of the gap complex and the PriA binding to the dsDNA to the changing salt concentration in solution is very different from the response of the system in the absence of the cofactor ( However, although the net number of ions released in association with the dsDNA is approximately half of the corresponding value determined for NaCl, the number of ions released, ϳ2, in the formation of the gap complex, is significantly lower than half of the ϳ8 -9 ions released in response to the increased [NaCl] (see "Discussion").
DISCUSSION

The Minimum Site Size of the PriA-Gapped DNA Substrate Complexes Is Significantly Lower than the Corresponding Site
Size of the Enzyme-ssDNA Complex-A site size of the proteinnucleic acid complex is a model-independent parameter (42-45, 54 -56) . This quantity defines the total number of nucleotides occluded by the bound protein. A surprising feature of the examined interactions between the gapped DNA substrates and the PriA helicase is the large number of the enzyme molecules associating with the examined gapped DNAs at saturation. Thus, three PriA molecules are bound to the gapped DNAs with the ssDNA gap ranging from 1 to 10 nucleotides (Table 1) . Because the shortest gapped DNA substrate corresponds to the ssDNA 21-mer, the minimum average site size of the PriA helicase in the gap complex corresponds to ϳ7 nucleotides, much shorter than the ϳ20 nucleotides observed for the PriA helicase-ssDNA complex (20 -22, 27) .
There are two important aspects of these results. First, in order to achieve such a small site size, the enzyme must be bound in a very different orientation in the gap complex than in the complex with the ssDNA. Moreover, very different responses to the changing salt concentration in solution and very different relative fluorescence changes accompanying the formation of the gap complex, as compared with the binding to the dsDNA of the examined substrates, indicate that orientation of the helicase in the gap complex is also different from its orientation in the complex with the dsDNA. Second, as pointed out above, the observed maximum stoichiometries can only be understood in the context of the known heterogeneous structure of the total DNA-binding site of the PriA helicase, which contains the strong DNA-binding subsite that occludes ϳ5-8 nucleotides in the complex with the ssDNA (20 -22, 27) . The minimum site size of ϳ7 nucleotides of the gap complex indicates that, in the assumed specific orientation, the helicase predominantly engages its strong DNA-binding site in interactions with the nucleic acid. The same should be true for the dsDNA, although quantitative studies of the enzyme interactions with the dsDNA await future analysis and are currently being addressed in our laboratory.
The Specific Recognition of the ssDNA Gap by the PriA Predominantly Relies on Interactions with the ssDNA/dsDNA Junction(s)-The value of the binding constant K G , which characterizes the PriA helicase affinity for the ssDNA gap with 5 nucleotides in the gap, is ϳ3 and ϳ2 orders of magnitude higher than the enzyme affinity for the ssDNA and the dsDNA, respectively, in the same solution conditions (Fig. 4) (20, 21) .
Gaps with 3, 4, and 6 nucleotides have affinities ϳ2 orders of magnitude higher than the corresponding affinity of the ssDNA. These results clearly show that the intrinsic affinity of enzyme for the ssDNA in the gap does not play a significant role in the ssDNA gap recognition. Moreover, the formations of the gap complexes are accompanied by only moderate changes of the ethenoadenosine fluorescence constituting the ssDNA gap, with the relative fluorescence increase ranging from 0.3 to 0.8 (Table 1) , whereas direct binding of the PriA helicase to the analogous etheno-derivatives of the ssDNA oligomers induces a much larger relative fluorescence increase of ϳ2.5-2.9 (20 -22, 27) .
A peculiar aspect of the fluorescence of ethenoadenosine is that it is not very sensitive to the polarity of the environment (57-59). Compared with the free etheno-AMP, the emission of etheno-oligomers is quenched (8 -10-fold) , primarily, by the dynamic process of an intramolecular collision. In other words, the fluorescence increase is generated by the conformational change of the nucleic acid and reflects the increased separation and restricted mobility of the nucleic acid bases. The modest values of the relative fluorescence increases in the formation of the gap complexes indicate that the enzyme does not affect the structure of the ssDNA in the gap to the same extent as in the complex with the ssDNA alone (i.e. the interactions with the ssDNA are much less direct in the gap complex). These results strongly indicate that, in the gap complex, the helicase predominantly engages the ssDNA/dsDNA junction rather than the ssDNA of the gap. If the ssDNA plays a dominant role in the recognition of the gap, then the gaps with 8 and 10 nucleotides would have the highest affinities of the gap complex and the highest relative fluorescence changes accompanying the formation of the complex, but this is not experimentally observed.
In the Absence of Nucleotide Cofactors, the PriA Helicase Preferentially Recognizes the ssDNA Gap with 5 Nucleotides-In the absence of nucleotide cofactors, the binding constant K G steadily and strongly increases, by ϳ2 orders of magnitude, from a gap containing 1 nucleotide to a gap containing 5 nucleotides (Fig. 4) . However, this dramatic increase of the affinity is not accompanied by a corresponding increase of the fluorescence of the ethenoadenosines in the gap, comparable with the fluorescence increase in the complex with the ssDNA (see above), indicating little change in the structure of the ssDNA of the gap (i.e. weak engagement of the enzyme in interactions with the ssDNA of the gap) (see above) (Table 1) . Rather, the enzyme is recognizing the spatial separation between two ssDNA/dsDNA junctions of the gap (i.e. the size of the gap, with the ssDNA/dsDNA junctions being the "attachment points" of the enzyme) (see above). Note that the sharp decrease of the K G value for the gapped DNA with 6 nucleotides in the gap supports this conclusion and most probably results from losing one of the attachment points, which goes beyond the optimal size of the gap and cannot be accommodated by the strong DNA-binding subsite of the helicase. It also indicates a strict geometrical requirement for the optimal recognition of the size of the gap. On the other hand, a rather gradual decrease of the affinity with the diminishing size of the gap, for the ssDNA gaps shorter than 5 nucleotides (Fig. 4) , would result from the fact that both ssDNA/dsDNA junctions still make contact with the strong DNA-binding subsite of the enzyme (see below).
Salt Effect of the PriA Helicase-ssDNA Gap Intrinsic Interactions Indicates Involvement of the ssDNA/dsDNA Junctions of the Gap in Interactions with the Enzyme-The difference between the salt effect on the PriA-ssDNA interactions and the association in the gap complex, with an ssDNA gap of 5 nucleotides, is staggering. The slope of the log-log plot, ∂logK G / ∂log[NaCl] ϭ Ϫ6.1 Ϯ 0.7, whereas the analogous slopes, obtained for the ssDNA 10-mer and 18-mer, respectively, engaging only the strong DNA-binding subsite, are ∂logK 10 / ∂log[NaCl] ϭ Ϫ2.5 Ϯ 0.4 and ∂logK 18 /∂log[NaCl] ϭ Ϫ3.0 Ϯ 0.5, respectively (21) . Clearly, the net number of ions released, ϳ6, in the formation of the gap complex is even larger than the number of the nucleotides in the ssDNA gap. This is despite the fact that the enzyme does not engage the ssDNA of the gap to the same extent, as in the direct binding to the ssDNA nucleic acid, which should lead to a smaller number of ions released from the ssDNA of the gap than observed for the ssDNA (see above). These data provide additional strong evidence that both ssDNA/dsDNA junctions of the gap are intimately involved in interactions with the strong DNA-binding site of the helicase. The slope of the log-log plot obtained in the presence of MgCl 2 , ∂logK G /∂log[MgCl 2 ] ϭ Ϫ3.1 Ϯ 0.5, is approximately half of what is observed for the effect of NaCl (Fig. 7, b and d) , strongly suggesting that magnesium and sodium cations compete for the same ionic interactions in the complex and that the interactions are predominantly electrostatic in nature (52, 53) .
In the case of the ssDNA, the increase of the salt concentration in solution strongly increases the weak positive cooperative interactions, which at high [NaCl] become an important part of the free energy of binding (21) . Although there are no cooperative interactions between the PriA helicase bound in the gap complex and to the dsDNA of the gapped DNA substrates, the increase of [NaCl] (20, 21) . In the case of the gap complex, low ADP or ATP␥S concentrations only slightly affect ⌬F 1 , ⌬F 2 , and ⌬F 3 , as compared with the same parameters determined in the absence of the cofactors, indicating similar structures of the formed complexes (Tables 1 and 2 ). On the other hand, the value of K G for the gaps with 4 and 5 nucleotides are diminished, as compared with the corresponding affinities observed in the absence of the cofactor, whereas K G is increased for the remaining examined gapped DNAs (Fig. 6, a and c) . The value of K DS is also diminished for all examined gapped substrates, as compared with the values observed in the absence of the cofactor. However, both K G , for the gaps with 4 and 5 nucleotides and K DS , are lower by approximately the same factor of ϳ5. Because the efficiency of the gap recognition should be measured with respect to the surrounding dsDNA, the enzyme, with the strong nucleotide-binding site saturated with ADP or the ATP analog, preserves and even augments its recognition efficiency for some gaps. Nevertheless, all examined gapped DNA substrates are now characterized by the same K G (Fig. 6, a and c) . In other words, the preference of the enzyme for the gap with 4 -5 nucleotides, seen in the state without nucleotide cofactors, is lost, and the helicase binds equally well to the ssDNA gaps of different sizes (see below). (Figs. 5d and 6d) . The enzyme preserves and even augments its recognition efficiency for some gaps, although the preference of the enzyme for the gap with 4 -5 nucleotides, seen in the state without nucleotide cofactors, is lost, and the helicase binds equally well to the ssDNA gaps of different sizes (Fig. 6d) . Very different behavior is observed when both the strong and the weak nucleotidebinding sites are saturated with ADP (Figs. 5b and 6b ). At high [ADP], the relative fluorescence changes, ⌬F 1 , ⌬F 2 , and ⌬F 3 , are significantly increased, particularly for the ssDNA gap with 5 nucleotides, indicating a more extensive engagement of the ssDNA of the gap in interactions with the enzyme (20 -22, 27) . The helicase binds preferentially to the ssDNA gap with 5 nucleotides as the value of K G is increased by a factor of 5. The affinity is the same for the other gaps and lower than the affinity for the gap with 5 nucleotides by a factor of ϳ25 (Fig. 6b) . On the other hand, the value of K DS remains the same as determined in the absence of any cofactor. As a result, the enzyme has a preference for the gap with 5 nucleotides over the ssDNA gaps with numbers of nucleotides other than 5 and over the dsDNA (Fig. 6, a-d (Table 2) . Thus, the net number of ions released is ϳ8 -9, significantly more than the ϳ6 ions determined for the complex in the absence of the nucleotide cofactors and approximately 2 times more than the number of nucleotides in the ssDNA gap of the examined gapped DNA substrate. Despite the fact that the value of ⌬F 1 is increased, it is still significantly lower than ⌬F max observed in the direct binding to the ssDNA, indicating much less pronounced contact with the ssDNA in the gap (20 -22, 27) . Although additional ion release from the ssDNA gap cannot be excluded, such a large increase in the net number of ions released upon gap complex formation indicates that the enzyme engages an additional area in interactions with the nucleic acid and an additional fragment of the DNA outside of the gap complex, presumably through the opening of the DNAbinding area at the N terminus of the protein (27, 60) . Note that the slope of the log-log plot obtained in the presence MgCl 2 , ∂logK G /∂log[MgCl 2 ] ϭ Ϫ2.1 Ϯ 0.5, is now significantly lower than expected if magnesium cations simply replace sodium ions in the ion exchange (see above). The diminished slope, ∂logK G / Table 2) .
Model of the PriA-Gapped DNA Complex with 5 Nucleotides in the ssDNA Gap-Based on the results obtained in this work, the schematic model of the PriA complex with the gapped DNA substrate, containing the ssDNA gap with 5 nucleotides in the absence of the nucleotide cofactors, is shown in Fig. 9a . The enzyme binds the gapped DNA substrate using its strong DNAbinding subsite located on the protruding domain in a specific orientation, which allows the unwinding of the dsDNA in the 3Ј 3 5Ј direction (20 -22, 27) . In the complex, the ssDNA/ dsDNA junctions are predominantly engaged in interactions with the helicase. These combined interactions match the geometry and structural flexibility of the strong DNA-binding subsite and lead to the amplified affinity for the gapped DNA substrate and different thermodynamic response to the changes of the salt concentrations in solution, as compared with the dsDNA or the ssDNA. The model of the PriA complex with the gapped DNA substrate, containing the ssDNA gap with 5 nucleotides in the presence of a high ADP concentration, which saturates both nucleotide-binding sites of the enzyme, is shown in Fig. 9b . Still, the enzyme predominantly engages the ssDNA/dsDNA junctions in interactions. However, saturation of both nucleotide-binding sites with ADP induces conformational transition of the enzyme and opens an additional interacting area, possibly on the N terminus domain, which engages an additional fragment of the gapped DNA substrate, analogously to the complexes with the ssDNA (27, 60) . As a result, the enzyme has a further increased affinity for the gapped DNA substrate, and the complex manifests a different thermodynamic response to the changes of the salt concentration in solution, as compared with the gap complex formed in the absence of ADP (see above).
Further Functional Implications-The PriA helicase requires a small ssDNA gap of ϳ5 nucleotides to initiate the assembly of the primosome (16, 17) . However, thermodynamic studies indicated that the total site size of the PriA-ssDNA is ϳ20 nucleotides, which is much too large for the observed gap recognition process (20 -22, 27) . Studies in this work indicate that recognition of the short ssDNA gap is accomplished by the PriA binding in a specific orientation, which allows the enzyme to engage predominantly the strong DNA-binding subsite in the gap complex. Note that, for the gaps of 8 or 10 nucleotides in length, the helicase has significantly lower gap recognition capabilities. It is possible that for these longer gaps, a different pathway of the restart of the replication fork is activated. In fact, it has been indicated that for the large ssDNA gaps, the PriC-Rep and not the PriA-PriB pathway may be operational (10 -15) .
Only two states of the enzyme examined in this work, without nucleotide cofactors and with two nucleotide-binding sites saturated with ADP, show dramatic preference for the ssDNA gap with 5 nucleotides. Nevertheless, there is a significant difference between these two states. In the absence of the cofactors, the enzyme predominantly recognizes the size of the ssDNA gap, without extensively engaging the ssDNA of the gap or any additional fragments of the nucleic acid. On the other hand, in the state with both nucleotide-binding sites saturated with ADP, the enzyme engages both the ssDNA/dsDNA junctions and an additional fragment of the surrounding DNA. Recognition of the size of the gap seems to be a more efficient process in finding the short ssDNA gap than a process that involves conformational rearrangements, including engagement of an additional fragment of the nucleic acid. Thus, the state of the enzyme without bound nucleotide cofactors seems to be the state that is used to initially recognize the ssDNA gap.
The remaining states of the enzyme with bound nucleotide cofactors to one or both nucleotide-binding sites could be operational in the postrecognition stage of the reaction on the way to forming the primosome when the enzyme is already bound to the gap. Saturation of the strong nucleotide-binding site with ADP or ATP eliminates the enzyme preference for the gap of 4 -5 nucleotides but increases the affinity for the longer gaps . a, schematic model of the PriA complex with the gapped DNA substrate, containing an ssDNA gap with 5 nucleotides, in the absence of the nucleotide cofactors, based on the results obtained in this work. The enzyme binds the gapped DNA substrate using its strong DNA-binding subsite (20 -22, 27) . In the complex, the ssDNA/dsDNA junctions are predominantly engaged in interactions with the helicase. These interactions match the geometry and structural flexibility of the strong DNA-binding subsite and lead to the significantly amplified affinity for the gapped DNA substrate. b, schematic model of the PriA complex with the gapped DNA substrate, containing an ssDNA gap with 5 nucleotides, with ADP saturating both nucleotide-binding sites of the enzyme. The helicase is bound to the gapped DNA substrate through its strong DNA-binding subsite. However, saturation of both nucleotide-binding sites with ADP induces conformational transition of the enzyme and opens an additional interacting area on the N-terminal domain, which engages an additional fragment of the gapped DNA substrate, analogously to the complexes with the ssDNA. As a result, the enzyme has a further increased affinity for the gapped DNA substrate, as compared with the gap complex formed in the absence of ADP (for details, see "Experimental Procedures").
over the dsDNA, possibly through the increased affinity for the ssDNA/dsDNA junction. The enzyme, placed at the ssDNA/ dsDNA junction, is ready to perform the dsDNA unwinding reaction in the postrecognition stages of the stalled replication fork. A similar role can be fulfilled by the state where both nucleotide-binding sites are saturated with ATP. The state with both nucleotide-binding sites saturated with ADP stabilizes the gap complex and allows the enzyme to engage an additional binding area in interactions with the nucleic acid. This activity would be necessary to achieve the recognition of the fork, not just the ssDNA gap. Exchange for ATP in both sites would diminish the stability of the gap complex because the recognition is already achieved. This would allow the enzyme to bind to the ssDNA/dsDNA junction in the 3Ј 3 5Ј direction and to initiate the unwinding reaction in the presence of ATP in preparing for the entry of the DnaB-DnaC complex into the primosome (10 -15) .
